Significant barriers to transplantation exist for individuals who are presensitized to donor antigen and have high titres of donor-reactive antibody. We report the effect of autologous bone marrow transplantation (BMTx) after myeloablation in pre-sensitized mice along with the use of monoclonal antibodies (mAbs) to tumour necrosis factor-receptor super family 25 (TNFRSF25), expressed on regulatory T (Treg) cells. C57BL/6 mice, which had been sensitized earlier with BALB/c skin allografts, received secondary BALB/c grafts after the primary grafts had been rejected. Subsequently, recipient mice underwent myeloablation with cyclophosphamide and busulphan and were injected with T-cell-depleted bone marrow from CD45.1 congenic donors (BMTx). Recipient mice underwent immunosuppressive treatment with rapamycin. A subgroup of mice was also treated with mAbs to TNFRSF25. Control mice were presensitized mice that received cyclophosphamide and busulphan followed by rapamycin. BMTx-treated mice had significantly prolonged skin graft survival versus control mice. These mice also showed attenuated donorspecific mixed lymphocyte co-culture responses relative to controls, increased splenic Treg cells and markedly diminished serum anti-donor IgG. Infusion of anti-TNFRSF25 mAbs further augmented graft survival and increased graft-infiltrating Treg cells. These mAbs also expanded murine and human Treg cells in vitro with the capacity to attenuate mixed lymphocyte co-cultures using fresh peripheral blood mononuclear cells. Overall, this study delineates the roles of autologous BMTx and anti-TNFRSF25 mAbs in expanding Treg cells and attenuating alloimmune responses in pre-sensitized mice.
Introduction
Transplantation is the preferred treatment for patients with end-stage organ failure, although rejection, both acute and chronic, remains a significant pitfall to this process, along with immunosuppressive drug-related toxicity, opportunistic infections and lymphoproliferative disorders. 1 Using a skin graft model in naive mice we previously reported that by incorporating a chemotherapeutic procedure involving myelosuppression, followed by autologous bone marrow stem cell rescue, we could radically improve skin allograft survival (and indeed cardiac graft survival), with some 35% of recipients retaining their grafts, without immunosuppressive drugs, longAbbreviations: Breg, regulatory B; CTL, cytotoxic T lymphocyte; IL-2, interleukin-2; mAbs, monoclonal antibodies; MLC, mixed lymphocyte co-culture; MLR, mixed lymphocyte reaction; Treg, regulatory T; TNFRSF25, tumour necrosis factor-receptor super family 25 
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term. 2 Long-term graft survival was associated with increased numbers of Foxp3 + regulatory T (Treg) cells in recipients, which could actively suppress anti-graft reactivity, and expansion of Treg functional activity in vivo was reported in subgroups of mice receiving antibodies to the molecule tumour necrosis factor-receptor super family 25 (TNFRSF25).
2 TNFRSF25 (also known as DR3) is expressed primarily by CD4 + and CD8 + T and natural killer T cells. [3] [4] [5] [6] The ligand for TNFRSF25, TL1A, is expressed by endothelial cell subsets and is induced on dendritic cells and macrophage/monocytes by triggering Toll-like receptor 4 or FccR. 7, 8 In vitro TNFRSF25 signalling on CD4 + , CD8 + or natural killer T cells has been reported to augment interleukin-2 (IL-2), IL-4 and interferon-c production following T-cell receptor activation. 9 Despite these data, and reports that activation of TNFRSF25 by TL1A can exacerbate experimental asthma, inflammatory bowel disease, rheumatoid arthritis and experimental autoimmune encephalomyelitis, 3, 7, [10] [11] [12] there is other evidence that the molecule is also expressed on Treg cells. 10 As noted above, we ourselves reported that a heteroantibody to TNFRSF25 could expand Treg cells in vivo in mice receiving allogeneic skin transplants followed by autologous bone marrow transplantation in a tolerance-inducing protocol, 2 and Schreiber et al. 13 reported on an anti-TNFRSF25 antibody-mediated expansion of Treg cells in an allergic lung inflammation model.
An additional problem in clinical transplantation is associated with the dilemma of understanding how best to treat patients for whom a first graft has been irrevocably rejected, and/or for whom pre-transplant analysis reveals significant titres of donor-specific antibody and immune reactivity. 14 In the renal transplant field it has been estimated that up to 30% of individuals on the transplant waiting list express significant titres of such antibodies (through previous transfusion, failed grafts or pregnancy), and additional data indicate that such titres are generally associated with an increased risk of antibody-mediated rejection and poor graft survival. 15 It has long been recognized that it is important to develop techniques that can obviate the clear disadvantages to graft survival associated with such pre-sensitization. 16 Both alloantibodies per se, and anti-donor reactive B cells, capable of acting as antigen-presenting cells 17 or producing pathological cytokines, are thought to be causally implicated in enhanced rejection in sensitized individuals, though it should be noted that there is also some thought that regulatory B (Breg) cells may in turn counter the adverse effect of sensitized B cells. 18 Current protocols have investigated mechanisms for desensitization of immune hosts, with the aim of facilitating engraftment to such recipients, using plasmapheresis, B-cell-depleting (anti-CD20) antibodies and intravenous immunoglobulin. 19 More recently, additional agents have come under investigation, including proteasome inhibitors (Bortezomib), 20 anti-cytokine agents (Belimumab : anti-BAFF) 21 and reagents interfering with IL-6 : IL-6 receptor interactions. 22 However, none of these approaches has shown a systematic and reproducible efficacy in the transplant scenario with pre-sensitized recipients. Given the success achieved in naive allograft recipients in terms of prolongation of graft acceptance using autologous bone marrow infusion, we have asked whether a similar approach can be used to promote graft survival in pre-sensitized recipients. The data shown below, using a mouse skin allograft model, argue convincingly that autologous marrow transplants can indeed improve graft survival in such recipients, with augmented numbers/function of Treg cells and attenuation of donor-specific antibody levels. We show that monoclonal antibodies (mAbs) to TNFRSF25 further improved graft survival in pre-sensitized mice and when used in culture these mAbs expanded populations of both murine and human Treg cells capable of attenuating mixed lymphocyte co-culture (MLC) reactivity and development of cytotoxic T lymphocytes (CTL) in vitro.
2,13

Materials and methods
Mice
Stock wild-type male C3H/HeJ, BALB/c, C57BL/6.CD45.2 (BL/6) and BL/6.CD45.1 congenic mice were purchased from the Jackson Laboratories (Bar Harbour, ME) and housed as described elsewhere. 2 All animals were handled according to the recommendations of the Canadian Council for Animal Care and all animal protocols were approved by the Animal Resource Center, University Health Network.
Media and cell lines
All in vitro assays were performed using complete a-modified Eagle's medium (aF10) supplemented with 10% fetal calf serum and 2-mercaptoethanol. Media were supplied by the Tissue Culture Media Facility at the Princess Margaret Hospital, Toronto, ON. Cells were counted using a haemocytometer and viability was assessed using trypan blue. For MLC and FACS assays, single-cell spleen suspensions were prepared by pressing spleens through a 40-lm filter and performing red blood cell lysis using ACK lysis buffer. Tumour cell lines (EL4 and P815) used for CTL targets, were cultured throughout in aF10.
Monoclonal antibodies
The following mAbs were used: from BD Pharmingen (San Diego, CA): FITC anti-mouse CD4 (clone-RM4-4); from BioLegend (San Diego, CA): FITC anti-human CD4 (OKT4), Anti-Thy-1.2 and anti-CD45.1 antibody treatment Bone marrow was flushed from femurs and red blood cell lysis was performed using ACK lysis buffer. Cells used to reconstitute BL/6 mice were treated at a concentration of 5 9 10 6 cells/ml with anti-Thy-1.2 antibody (Cedarlane Laboratories) and rabbit complement for 60 min at 37°. T-cell depletion (≥ 99%) was confirmed by FACS staining with commercial FITC rat anti-mouse CD3 mAb (Serotec). In some experiments, cells harvested from mice were treated with anti-CD45.1 antibody (BioLegend) and rabbit complement before use in assays, as described in the text. Both anti-CD45.1 and anti-CD45.2 antibodies (BioLegend) were also used in FACS analysis with cells from mice following bone marrow transplantation (see below).
Skin grafts
Skin grafts were performed as described in a previous manuscript 2 . To produce pre-sensitized recipients naive BL/6 or C3H mice received C3H or BL/6 skin grafts, respectively, with no additional treatment thereafter. 23 Grafts were inspected visually from day 7 post transplant. All grafts were rejected by 16 days post transplantation (median survival across all recipients 13Á5 AE 2Á4 days). Mice were rested for 14 days following rejection in all animals, and entered into studies as 'pre-sensitized', along with age-matched naive mice as controls. All experimental naive/pre-sensitized transplanted mice subsequently received rapamycin (Wyeth 1 mg/kg at 36-hr intervals) post transplantation. Skin grafts were transplanted to the flank of anaesthetized recipients, with grafts examined at daily intervals by an investigator blinded to the groups.
Where grafted mice received myeloablation before receiving autologous bone marrow transplants, rapamycin was stopped and individual mice received busulphan (20 mg/kg/day 9 4 days) intraperitoneally in 100 ll PBS followed by cyclophosphamide (100 mg/kg/day 9 2 days) intraperitoneally in 100 ll PBS, before resting for 2 days. 2 Animals then received 5 9 10 6 T-cell-depleted autologous marrow intravenously in 0Á5 ml PBS. Five days after bone marrow infusion, subgroups of mice were restarted on rapamycin for a further 21 days until day 35 post transplant.
Chimerism in BL/6 recipients (with BALB/c or C3H grafts) was assessed by infusion of CD45.1 or CD45.2 bone marrow, and FACS staining with anti-CD45.1 or anti-CD45.2 antibodies of spleen and lymph nodes of mice at > 40 days post bone marrow transplantation. For FACS analysis, CD45.1-positive versus CD45.2-positive events were gated on singlet cells. The degree of chimerism in individual mice, both naive and pre-sensitized, ranged from 25 to 65% of CD45.1 + cells present, with no significant difference in levels of chimerism between naive or immune recipients.
Quantification of donor-specific IgG and MLC cytotoxicity assays Donor-specific antibody levels were determined by a flow cross-match assay as described previously. 24 Blood was obtained from control (naive) mice and graft recipients by cardiac puncture under anaesthesia. Serum was obtained by centrifugation (10,621 9 20 min at 4°) and stored at À20°until use. Splenocytes (0Á5 9 10 6 ) from donor BL/6 were incubated with 2 ll of serum for 30 min. Cells were washed and subsequently stained with secondary FITC-conjugated goat anti-mouse IgG polyclonal antibody (Immunology Consultants Laboratory, Portland, OR) and finally with APC-conjugated antimouse CD3e (BioLegend). Donor-specific antibody levels were assessed with flow cytometric analysis using a BD LSRII (BD Pharmingen). Data analysis was performed using FLOWJO VX (Treestar, Ashland, OR) and titres were reported as median fluorescence intensity. FACS analysis was performed by gating for CD3 + events on singlet cells and assessing the median fluorescence intensity values for FITC in the CD3 + fraction. In MLC, 1Á0 9 10 6 responder cells from the spleens of graft recipients were stimulated in triplicate in 250 ll aF10 in V-bottomed tissue-culture plates with equal numbers of irradiated (20 Gray) donor or thirdparty stimulator splenocytes with 50 ng/ml recombinant human IL-2 (BioLegend). Cells from replicate wells were pooled at 5 days and titrated at different effector : target ratios for killing (4 Preparation of rat mAbs to mouse TNFRSF25 Rats were immunized against mouse TNFRSF25 as previously described.
2,13 A C-terminal region peptide of murine TNFRSF25 was synthesized and four Lewis rats were immunized three times at 21-day intervals with 500 lg emulsified incomplete Freund's adjuvant (Cedarlane Laboratories). Pre-immunization bleeding (yield~2 ml) served as normal rat serum control. Fourteen days after the third immunization, splenocytes were harvested from the rat with the highest titre (ELISA with plates coated with peptide) and used for fusion to produce mAbs using a rat parent myeloma cell line. Culture supernatants were initially screened in ELISAs with peptide coupled to plates. Following selection of positive clones, supernatant samples were further tested in FACS (1 : 5) for staining of Treg cells harvested from 5-day cultures of CD4 + splenocytes (MACS column purification: Miltenyi Biotec, Bergisch Gladbach, Germany) stimulated on anti-CD3-coated dishes with 2 lg/ml anti-CD28 and 10 ng/ml transforming growth factor-b (TGF-b). 13 Τreg cells cultured in vitro were stained using FITC anti-CD4, APC anti-CD25 and PE anti-FOXP3 antibodies (BioLegend). For determination of in vivo Treg cell frequencies, data were analysed by gating for CD4 and 6 responder mononuclear cells with 1 9 10 6 irradiated simulator cells). CTL were assayed in the latter at 5Á5 days. Control MLC contained no Treg cells, or Treg cells from cultures without the addition of mAbs at 72 hr. The two most active mAbs were used in vivo as described.
Statistics
Most studies compared groups using analysis of variance followed by paired t-tests. For skin graft survival, groups were compared using non-parametric tests (Mann-Whitney U-test). All data are expressed as mean AE SD unless stated otherwise.
Results
Increased graft survival in pre-sensitized mice after autologous bone marrow transplantation Previous studies showed that skin allograft survival was markedly improved in naive mice after myeloablation using a short course of busulphan/cyclophosphamide, followed by autologous marrow transplantation and ongoing rapamycin treatment. 2 Rapamycin with busulphan/cyclophosphamide, in the absence of marrow transplantation, produced no such effect. To assess whether a similar protocol would extend survival in pre-sensitized recipients we performed a similar study, using 10 mice per group, in which the recipients were re-transplanted 14 days following rejection of a first graft from the same donors. Ten mice per group received busulphan/cyclophosphamide as described in the Materials and methods, but only one of these subgroups subsequently received autologous marrow cells (5 9 10 6 T-depleted cells intravenously). Two equivalent groups of 10 naive mice were treated in the same way. All animals continued to receive rapamycin for 21 days beginning 5 days after marrow infusion. Data in Fig. 1(a) shows skin graft survival (pooled across two independent experiments: total 20 mice per group) for this study.
Importantly, skin graft survival following autologous marrow transplantation was essentially equivalent in both naive and pre-sensitized mice, and in each case, was significantly superior to that seen in mice not receiving marrow (P < 0Á02 in Fig. 1a ). When splenocytes from these mice were tested individually in MLC for induction of donorspecific (versus third-party) CTL, marked attenuation of donor-specific cytotoxicity was seen in both naive and presensitized mice with graft acceptance (grouped data shown in Fig. 1b ) compared with animals rejecting their grafts. Third-party CTL induction was equivalent across all groups of mice (naive and pre-sensitized, with/without graft acceptance). Similar attenuation of proliferation in mixed lymphocyte reaction (MLR) cultures, assessed by [ 3 H]TdR incorporation, was seen in both naive and pre-sensitized mice with prolonged graft acceptance (Fig. 1c) .
Anti-donor immunoglobulin may play a role in graft rejection in pre-sensitized mice, so we also compared the titres of anti-BL/6 IgG in various groups of mice. Data in Fig. 1(d) show the results of a flow cross-match assay for individual mice broken down into three categories. The categories are non-transplanted (Non-Tx) control mice as well as, pre-sensitized mice treated with rapamycin and busulphan/cyclophosphamide, with and without, bone marrow transplant. Serum was obtained from age-matched non-transplanted naive C3H mice. For mice receiving autologous bone marrow transplants, serum was obtained at 60 days post transplant, and at 21 days following graft rejection in the pre-sensitized group that did not receive bone marrow transplants. Following bone marrow transplantation, anti-BL/6 titres (reported as median fluorescence intensities) were significantly (P < 0Á0001) diminished in pre-sensitized mice compared with pre-sensitized mice not receiving bone marrow. Hence, enhanced graft survival in pre-sensitized mice was associated both with attenuation of MLC responses, and marked reduction of donor-specific IgG in recipients with surviving grafts.
Evidence for an important role for Treg cells in prolonged graft survival in pre-sensitized mice
In our previous study using autologous bone marrow transplantation in naive mice we reported that in mice with extended allograft survival, functional Treg cells of both host and donor bone marrow origin could be documented in vitro by antigen-specific suppression of fresh MLC. 2 To investigate whether this was also the case in pre-sensitized mice we performed studies analogous to those shown in Fig. 1 , but using CD45.2 BL/6 (not C3H) received BL/6 skin grafts and a sequence of rapamycin treatment, busulphan/cyclophosphamide for 6 days, followed by a further 21 days of rapamycin treatment beginning 5 days later. Two groups of 10 naive ( ▄ ) or pre-sensitized (□) mice also received autologous T-cell-depleted C3H bone marrow cells (5 9 10 6 per recipient) 2 days after completion of the course of busulphan/cyclophosphamide, and began 21 days of rapamycin 3 days later. Graft survival is shown for all four groups, using data pooled from two independent studies (20 mice/group). *P < 0Á05 (Mann-Whitney U-test) for equivalent recipients with/without bone marrow. (b) Attenuation of cytotoxic T lymphocyte (CTL) responses ( 51 Crrelease assays performed at day 5 using labelled EL4 target cells) in mixed lymphocyte co-cultures (MLC) from splenocytes of skin graft recipients shown in (a). CTL in control cultures stimulated with third party cells (BALB/c) were assayed using P815 tumour target cells. Data are pooled within groups in which mice had accepted/rejected skin grafts. *P < 0Á02 compared with equivalent recipients with rejected grafts. (c) Attenuation of mixed lymphocyte reaction (MLR) proliferative responses ([ 3 H]TdR-incorporation assays) at 72 hr using splenocytes of skin graft recipients shown in (a), stimulated with either BL/6 or BALB/c (third-party) splenocytes. Once again data are pooled within groups in which mice had accepted/rejected skin grafts. *P < 0Á02 compared with equivalent recipients with rejected grafts. The broken line indicates [ mice as recipients, with autologous marrow from CD45.1 BL/6 mice. Two independent studies, each with groups of 10 naive and 10 pre-sensitized mice, were used. A total of eight long-term graft survivors were available in the naive group, and seven in the pre-sensitized group at 60 days post skin grafting. Individual spleen preparations were made for all animals, and CD4 + -enriched cells were obtained using an aliquot (70%) of each individual spleen cell pool. The MLC were initiated using 3 9 10 6 responder cells pooled from four naive mice, mixed with either 1 9 10 6 whole spleens (Fig. 2a) , or CD4 + -enriched cells from MACS columns (Fig. 2b) , for each graft recipient. In addition, for each graft recipient cell preparation, cells were further treated in vitro with rabbit complement alone, or complement with anti-CD45.1 or anti-CD45.2 mAbs. All MLC were stimulated with irradiated BALB/c or C3H cells (third-party) and assayed at 5 days for CTL specific for the stimulating antigen. Grouped data for these studies are shown in Fig. 2 .
It is apparent from these data that both whole spleen cells and, more especially, CD4 + -enriched splenocytes from both naive and pre-sensitized mice with surviving grafts, were able to attenuate, in an antigen-specific manner, CTL induction from a pool of naive responder spleen cells (see data with cells treated with complement only -these responses were equivalent to those seen using untreated splenocytes; data not shown for clarity). Interestingly, treatment with anti-CD45.1 led to significant loss of suppression, implying existence of a regulatory population derived from the infused marrow. In addition, reduction in suppression also followed treatment with anti-CD45.2 mAb, implying the existence of a regulatory population derived from the original recipient's cells. Similar data were observed in the reverse scenario (CD45.1 BL/6 recipients of CD45.2 BL/6 marrow; data not shown). In a subsequent study (see Supplementary material, Fig. S1a ), combined treatment with anti-CD45.1 and anti-CD45.2 antibody with complement completely abolished all suppression seen by the addition of splenocytes from grafted mice to naive spleen cell cultures. Further analysis revealed that not only was the combination of anti-CD45.1 and anti-CD45.2 able to abolish all measured suppression from cells of grafted mice, so too did a depleting anti-Thy-1.2 + (see Supplementary material, Fig. S1b ). These latter data imply that non-T cells are probably not responsible for the regulatory activity measured in splenocytes from grafted mice when they were sacrificed (see also Discussion).
Expansion of CD4
+ Treg cells using mAbs to TNFRSF25 to augment regulation of alloimmunity
We had previously reported that sera from rabbits immunized with a peptide derived from TNFRSF25, reported to be expressed preferentially on Treg cells, could augment allograft survival in vivo in mice also receiving autologous Fig. 1 . CTL in cultures stimulated with third-party cells (C3H) were assayed using C3H Concanavalin A blasts. Data were obtained using individual spleen preparations from all mice shown in Fig. 1 , and were then pooled within groups in which mice had accepted/rejected skin grafts (see Fig. 1 ). In each set of upper/lower panels the added cells from grafted recipients were treated with either rabbit complement alone, or anti-CD45.1/anti-CD45.2 with rabbit complement. *P < 0Á05 compared with equivalent recipients with rejected grafts. Fig. 3 show results from screening rat hybridomas prepared following fusion of rat spleen cells from animals immunized against the same peptide. In Fig. 3(a) data are shown from an ELISA screen using wells coated with Treg cells and fixed with glutaraldehyde, whereas Fig. 3(b) shows results from FACS analysis using similar Treg cells. Based upon these data we selected three mAbs for more exhaustive study (1B4, 2D4 and 7C3) as well as a control mAb (2D6). Typical data from staining subsets of activated lymphocytes by one of these (2D4) are shown in the Supplementary material (Fig. S2) . Immunoglobulin from each was added (2 lg/ml final concentration) to 72-hr cultures of Treg cells induced from CD4
+ cells (MACS-columns) by incubation on anti-CD3-coated plates with medium also containing 2 lg/ml anti-CD28 and 10 ng/ml TGF-
6 irradiated stimulator cells. The CTL were assayed in standard fashion at day 5. Data from one such assay (of four) are shown in Fig. 3(c) . The MLR proliferation cultures receiving these same Treg cells were assessed by [ 3 H]TdR incorporation (Fig. 3d) . Consistent with data from screening the various hybridomas, all three of the chosen mAbs led to augmented Treg cell functional activity as defined in these assays. All three mAbs were observed to produce similar numerical increases in Treg cells isolated from the cultures (80 AE 25%), with no reproducible difference among the mAbs tested, although two mAbs (2D4 and 7C3) showed most expansion of functional Treg activity. We found no functional Treg cells induced in cultures of CD4 + cells incubated only with anti-TNFRSF25 mAbs (unpublished results). In control studies, adding Treg cells from cultures analogous to those shown in Fig. 3(c) to either effector CTL for 6 hr before assay with 51 Cr targets (Fig. 3e) , or to proliferating cells in MLC 6 hr before addition of [ 3 H]TdR (Fig. 3f) , led to no attenuation of responses. Hence, the Treg cells induced in the presence/ absence of the mAbs were not themselves directly cytotoxic to CTL (or proliferating cells in MLRs).
In a further study (Fig. 3g) we performed a similar expansion of Treg cells but in addition to adding mAbs at 72 hr to cultures used to induce Treg cells, we also added purified peptide-keyhole limpet haemocyanin conjugate (20 lg/ml) as a competitive inhibitor to the mAbs. This completely abolished any augmentation of Treg functional activity achieved by addition of either 2D4 or 7C3.
Use of mAbs to TNFRSF25 to expand Treg cells in vivo
Twenty-one naive (Fig. 4a ) and pre-sensitized (Fig. 4b ) BL/6 mice were grafted with BALB/c skin, followed by treatment as described for Fig. 1 , with all mice receiving autologous bone marrow transplants 2 days after completion of busulphan/cyclophosphamide treatment. Beginning 2 days after bone marrow infusion (day 15 post engraftment), for a total of eight injections at 96-hr intervals, seven mice in each group received either control rat immunoglobulin (10 lg/mouse purified from hybridoma 2D6), or 10 lg/mouse of either 2D4 or 7C3 mAbs (see Fig. 3a ). Mice continued to receive rapamycin until 21 days after bone marrow infusion. Grafts were inspected daily and rejection was recorded by an individual blinded to the groups. Survival data to 60 days are shown in Fig. 4 . All mice were killed 60 days post transplant and splenocytes were harvested. There was no difference in absolute cell numbers recovered per spleen, or in frequencies of spleen cells that were CD4 + (15 AE 3Á8% across all groups) or CD8 + (6Á5 AE 1Á9% across all groups) as determined by FACS. Splenocytes were used directly for MLC (induction of CTL- Fig. 5a ; MLR proliferation- Fig. 5b) , and, following CD4 + enrichment, for analysis of Treg cells able to attenuate the induction of CTL (Fig. 5c ) or MLR proliferation (Fig. 5d ) from a fresh pool of naive responder splenocytes. Data pooled from one of two such studies are shown in these figures.
There are several points worthy of note in these data. First, infusion of 2D4 and 7C3 mAbs in vivo into mice receiving autologous bone marrow transplantation as per the protocol outlined in Fig. 1 , substantially increased graft survival at d60 (approximately twofold), in both naive and pre-sensitized mice, compared with that seen in Fig. 1 , or in Fig. 4 with control immunoglobulin (2D6). There was a trend to a greater survival advantage in naive compared with pre-sensitized mice (compare equivalent groups in Fig. 4a,b) . As before, when we compared CTL induction or MLR proliferation in splenocytes from all mice shown in Fig. 4 , animals with rejected grafts showed CTL responses equivalent to mice receiving no bone marrow transplantation, whereas all mice with surviving grafts, regardless of the mAb injected, showed decreased CTL induction and MLR proliferation (Fig. 5a,  b) . However, when equivalent numbers of CD4 + -enriched cells from splenocytes of these mice were compared for their ability to attenuate CTL induction or MLR proliferation in a fresh MLC with naive responder splenocytes, cells from mice receiving 2D4 or 7C3 mAb, with accepted grafts, showed the most marked suppressive capacity (Fig. 5c,d) , although Treg cells were demonstrable even in mice receiving autologous bone marrow transplantation but only control mAb (2D6).
In a subsequent study, we transplanted pre-sensitized BL/6 mice as before with BALB/c skin using the same protocol as described in Fig. 4 , infusing again eight injections of 10 lg/mouse of the mAbs 2D4, 2D6 and 7C3 to separate groups of eight mice per group. Control mice received no mAb immunoglobulin infusions. At 60 days Cr-labelled P815 target cells were added and lytic activity was measured from duplicate wells at 4 hr. The broken line shows mean lytic activity from Treg cells added alone (in all groups lytic activity measured was < 2%). post transplant, mice were killed and CD4 + cells were isolated on MACS columns from splenocytes of three individuals/group with surviving grafts. Cells were stained in FACS with anti-CD4 and Foxp3 mAbs (Fig. 6a) , and 3 9 10 5 cells from each preparation assayed in triplicate for the suppression of CTL induction from fresh BL/6 splenocytes stimulated with either BALB/c or C3H irradiated splenocytes (Fig. 6b ). CTL were assayed as before at 5 days of culture. These data show that enhanced suppression by CD4 + cells from mice receiving 2D4 or 7C3 was paralleled by an approximately twofold increase in CD4 + Foxp3 + cells isolated from those mice. In a preliminary study, we assayed the evolution of enhanced Treg functional activity over time in mice receiving 2D4 mAb as in Figs 4-6. These data are shown in Fig. 6(c) , for mice receiving two, four, six or eight injections of mAb, with the four different groups each killed 10 days after the last antibody injection. These data indicate that significant functional activity of CD4 + Treg cells is evident only~16 days after bone marrow transplantation, with no significant effect of Treg cells from mAb-treated mice at this time, but Treg activity increases thereafter and is then augmented by mAb administration.
mAbs to 2D4 and 7C3 expand human CD4 + Treg cells as well as mouse CD4 + Treg cells
As the peptide used for immunization to produce the anti-TNFRSF25 mAbs 2D4 and 7C3 was common to human/mouse TNFRSF25, we compared the ability of these same mAbs to expand human and mouse Treg cells induced over 5 days on anti-CD3-coated dishes, with anti-CD28/TGF-b added in vitro. As above, mAbs were added at 50% final concentration (supernatant of hybridoma cultures) over the last 48 hr of culture. Once more, expansion of cell numbers relative to control cultures (receiving 2D6 mAbs) was seen for both mouse (81 AE 23%) and human (68 AE 20%) cultures. Treg cells were harvested at 5 days and added at different numbers (1Á5 9 10 5 and 5 9 10 5 ) in MLC with responder cells (2Á5 9 10 6 ) syngeneic with the Treg donor, and irradiated allogeneic stimulator cells. CTL were assayed in standard 51 Cr release assays using 72-hr stimulator Concanavalin A-activated blasts as targets. Data are shown in the Supplementary material ( Fig. S3 ; one of two such studies). It is apparent that both 2D4 and 7C3 augmented, on a per cell basis, functional Treg activity in both human and mouse cultures of CD4 + cells incubated with anti-CD3/anti-CD28 and TGF-b.
Discussion
Transplantation is recognized as being the treatment of choice for end-stage organ failure, although limitations still remain associated with the need for long-term immunosuppressive therapy in recipients. Development of reproducible mechanisms to produce graft-specific tolerance in recipients has yet to be achieved, although a number of novel strategies have been described and tested in the past several years, as our knowledge of the biology of regulation of immunity improves. We ourselves recently described a novel approach, using autologous bone marrow transplantation following allografting, which led to a high success rate of skin graft acceptance in rodents, with withdrawal of all immunosuppression in recipients. Graft survival was associated with existence of Treg cells of both recipient and donor bone marrow origin. 2 An auxiliary daunting problem for the transplant field is the increased rejection seen when grafts are attempted into recipients with pre-formed anti-MHC antibodies, a scenario that is linked to an enhanced risk of antibodymediated rejection, as well as the anticipated cellular rejection seen even in naive recipients. However, other groups have established that B-cell-mediated chronic allograft rejection can occur even in the absence of antibody production, through mechanism(s) potentially related to B-cell antigen presentation and support of T-cell immune responses. 17 Over the past decade a number of attempts have been made to improve transplant success among this pre-sensitized group, using protocols that have been referred to as 'desensitization'. Included among these are the use of B-cell-depleting agents (rituximab), intravenous immunoglobulin and plasmapheresis. 25, 26 We have asked whether the autologous bone marrow infusion protocol used so successfully in naive recipients to enhance allograft survival could be adapted to pre-sensitized recipients. Our data argue that indeed skin allograft survival is significantly prolonged even in presensitized mice following autologous bone marrow infusions, and that the long-term graft survivors show both enhanced Treg cells, of both host and donor marrow origin (Fig. 2) and significantly reduced donor-specific antibody to the sensitizing antigens compared with control mice not receiving this bone marrow. That there is no generalized dysfunction in B cells in these recipients is evident from independent data (RMG-unpublished) showing equivalent levels of mouse immunoglobulin in LPS-stimulated cultures from all groups of mice (naive and pre-sensitized, with/without autologous marrow transplants) as assessed by ELISA using 72-hr culture supernatants. The significant reduction of alloantibodies observed in the bone marrow transplant group may reflect the ability of newly emerging cells from the transferred bone marrow to 'outcompete' long-lived host bone marrow plasma cells. The bone marrow is a niche for immunoglobulin-secreting long-lived plasma cells capable of providing long-term humoral protection and putatively supported in situ by eosinophils that produce plasma cell survival factors. 27, 28 However, we found that sensitized mice receiving busulphan/cyclophosphamide and rapamycin without bone marrow transplantation maintain high donor-specific antibody serum levels, unlike the markedly lower levels (> 100-fold) seen in similar recipients post bone marrow transplantation, suggesting that there may be a population post bone marrow transplantation capable either of suppressing immunoglobulin production by surviving host cells (e.g. Breg cells; see below), or attenuating (and/or competing for) their survival per se. In a study performed on 27 patients who underwent autologous bone marrow transplants for leukaemia, CD23 + B cells were depressed in blood for 3 months and in the bone marrow for 6 months post transplant, indicating an immature state. 29 A clinical study in B-cell nonHodgkin's lymphoma patients after autologous bone marrow transplants demonstrated impaired in vitro proliferative responses to anti-immunoglobulin, Epstein-Barr virus and IL-2, as well as, reduced IgG levels for 12 months post transplant. 30 These studies were early indications of altered B-cell function and phenotype after autologous bone marrow transplant. These results are corroborated by observations in patients receiving autologous haematopoietic stem cell transplants for autoimmune disease. In a study of seven patients with systemic lupus erythematosus receiving autologous haematopoietic stem cell transplants, a reduction of memory (IgD À ) B cells was observed post transplant. In six of the seven patients, there was essentially a complete ablation of anti-dsDNA antibodies and a significant reduction in antinuclear antibodies. 31 These data suggest that the newly emerging B-cell repertoire consists primarily of naive B cells contributing to self-tolerance in autoimmune patients receiving autologous haematopoietic stem cell transplants.
The development after bone marrow transplantation of so-called Breg cells, a heterogeneous group of B lymphocytes with immunosuppressive functions, has also been of recent interest. 18 In an islet allograft murine model induced TGF-b-producing Breg cells could promote graft survival by increasing the number of Treg cells. 32 In a clinical study with patients receiving autologous bone marrow transplantation for systemic sclerosis a significant increase in Breg cells (defined as CD19 + CD24 hi CD38 hi ) was seen at 6 and 12 months post transplant with no differences observed in levels of Foxp3 + CD25 hi CD4 + Treg cells. 33 These results were taken to imply an important role for Breg cells in promoting and maintaining immune tolerance. Data in the Supplementary material (Fig. S1b) show in contrast that all suppressive function was lost from splenocytes harvested from transplanted mice following depletion of Thy-1.2 + T cells. This does not negate an effect of Breg cells in vivo at earlier times during induction of the tolerant state, or indeed in induction of Treg cells themselves. Indeed, data in Fig. 6(c) show that Treg functional activity was only demonstrable at~16 days post transplantation, yet grafts were still not rejected at this time, implying the existence of alternative regulatory activity. Current studies are examining directly the functional activity of Breg cells harvested from these mice.
Based on our previous studies, which had initially documented a potential role for Treg cells in long-term graft survival, we explored mechanism(s) that might expand Treg cells in vivo, in an attempt to improve graft outcome above the 35-40% of mice shown in initial studies (Fig. 1) . We and others have suggested that antibodies made against TNFRSF25 may produce this effect, 2,13 although there is significant controversy in this area, precipitated by evidence that TNFRSF25 itself is expressed on both Treg cells and some effector T cells 34 (see Supplementary material, Fig. S2 ). In the current studies, we produced several rat mAbs to a peptide of TNFRSF25 common to both the human and mouse molecules, and observed by FACS and ELISA (with plate-bound cells) significant binding of several mAbs to enriched CD4 + Treg cells. The mAbs binding CD4 + Treg cells produced functional expansion of murine Treg cells in vitro, as assayed by an augmented ability to attenuate induction of CTL and proliferation in vitro, in the absence of any evidence for direct cytotoxicity to CD8 + CTL or CD4 + cells proliferating in MLC (Fig. 3) . Note (see earlier text) that these mAbs did not induce Treg cells in vitro directly in the absence of anti-CD3/CD28 activation. Moreover, again while there are reports that activation through TNFRSF25 can augment cytokine production, 9 we found that the addition of TGF-b in vitro was necessary to induce Treg cells even in the presence of mAbs, though we have not titrated TGF-b requirements AE mAbs.
Infusion of these mAbs in vivo into naive or pre-sensitized mice with skin allografts that subsequently received autologous bone marrow transplantation, improved (approximately twofold) long-term graft survival in these recipients. The notion that unique epitopes of TNFRSF25 were being recognized for this effect to be pronounced, as was previously suggested, 10 seems likely given the concurrent inability of other mAbs to produce any modification of allograft survival in vivo, or augment induction of Treg cells in vitro despite their ability to bind the immunizing peptide in ELISA (compare data for mAb 2D6 in Figs 3 and 4) .
As the TNFRSF25 peptide used to produce the mAbs used in these studies was common to both human and mouse, in a final study we have also assayed whether the same mAbs as were used to augment mouse skin allograft survival might similarly expand functional human Treg cells in vitro. Data in Fig. 3 suggest that this is indeed the case, with an augmented (on a per cell basis) ability of Treg cells incubated with the relevant mAbs to suppress induction of human CTL in vitro.
In summary, our data provide several new and important findings. First, they suggest that an autologous marrow transplant protocol, previously used successfully to enhance graft survival in naive mice, accomplishes the same enhanced graft survival even in pre-sensitized individuals. Second, in pre-sensitized mice receiving autologous bone marrow transplantation, attenuation of anti-donor IgG (> 100-fold compared with identically treated recipients lacking marrow infusion) occurs, which may in itself reflect a process key to the prolongation of graft survival seen. Third, in association with improved graft survival, there is a concomitant expansion of Treg cells of both donor marrow and recipient origin, which can attenuate activation of naive CD8 + and CD4 + T cells, in the absence of direct cytotoxicity. Expansion of such Treg cells in vivo using defined mAbs to TNFRSF25 leads to even greater graft prolongation. The mAbs active in this in vivo assay were also able to produce functional expansion of CD4 + Treg cells of human origin in vitro, which could suppress the induction of human MLC reactivity in vitro. Taken together, our data imply a clinical utility to the application of these protocols in human transplantation. stimulator cells. Data show mean AE SD for cytotoxic T lymphocytes measured at day 5 of culture. *P < 0Á05 compared with corresponding untreated Treg cells. Figure S2 . Staining of 2D4 and control 2D6 monoclonal antibodies in activated lymph node and spleen lymphocyte subsets. 2x10 7 lymph node cells and 4x10 7 splenocytes from BL/6 mice were incubated with 4x10 7 irradiated splenocytes from BALB/c mice. Cells were harvested at Day 5 and stained with anti-TNFRSF25 mAbs (2D4 and control 2D6) as well as anti-mouse CD4 and CD8. Cells with no mAbs were used as no primary antibody controls. FITC anti-mouse IgM was used to detect anti-TNFRSF25 staining in activated lymph node and spleen CD4 + and CD8 + cell subsets. All stains were performed in duplicate. 
